The mosquito Anopheles gambiae s.s. is distributed across most of sub-Saharan Africa and is of major scientific and public health interest for being an African malaria vector. Here we present population genomic analyses of 111 specimens sampled from west to east Africa, including the first whole genome sequences from oceanic islands, the Comoros. Genetic distances between populations of A. gambiae are discordant with geographic distances but are consistent with a stepwise migration scenario in which the species increases its range from west to east Africa through consecutive founder events over the last~200,000 years. Geological barriers like the Congo River basin and the East African rift seem to play an important role in shaping this process. Moreover, we find a high degree of genetic isolation of populations on the Comoros, confirming the potential of these islands as candidate sites for potential field trials of genetically engineered mosquitoes for malaria control.
E volutionary processes within species depend on the spatial and genetic connectivity of their populations. This is especially true when considering large spatial scales and long time periods, i.e., the full geographical and historical space of a species 1, 2 . The various processes underlying these population dynamics can be described at the organismal level as migration of individuals between populations or on the genetic level as ancient and recent gene flow between them. Gene flow essentially reflects the direct exchange of heritable information due to migration between related populations in an evolutionary sense 3 . Barriers to migration play a pivotal role in shaping patterns of interpopulation gene flow. These comprise different elements of the landscape such as physical (e.g., roads 4, 5 ) and ecological barriers (i.e., unsuitable habitats 6 ), with the latter often being speciesspecific and erratic 7 . The most obvious and universal barrier to migration is realized in islands, hence the term "island biogeography" 8 . Isolation of island populations depends on the dispersal ability of the species, the remoteness of the island, and various external factors like sea currents 9 , wind directions 10 , and anthropogenic activity 11 . Knowledge about the connectivity between island and mainland populations can help to facilitate an understanding of how newly introduced genetic variants can spread throughout the distribution area of a species.
Anopheles gambiae s.s. GILES (referred to as A. gambiae henceforth) is a common mosquito occurring throughout sub-Saharan tropical Africa 12 . It is of high importance in public health for its role as the principal vector of human malaria, a disease causing >200 million cases and half a million deaths per year according to World Health Organization (WHO) estimates 13 . A recent modeling effort suggests that malaria is not expected to be eliminated with currently available tools in highly endemic areas 14, 15 due to lack of a vaccine 16 , increasing drug resistance 17 , spreading insecticide resistance alleles 18 , and decreasing effectiveness of physical prevention provided by bed nets 19 . Consequently, renewed efforts to explore the use of genetically engineered mosquitoes (GEMs) for malaria control have been initiated [20] [21] [22] [23] , including the development of models to explore the dispersal capacity of gene drive systems through natural populations [24] [25] [26] . Knowledge of the varying degrees of connectivity between different populations throughout the species' range as well as nucleotide diversity that could provide a potential mechanism for gene drive resistance 27, 28 therefore will be important for assessing the outcome of field release trials of GEM or conventional control measures.
The importance of A. gambiae has led to extensive studies linking patterns of genetic diversity to different ecological conditions 29, 30 as well as diverse population genomics studies 31, 32 . Recently, a broadscale population genomic analysis across most of continental Africa revealed pronounced structure and varying levels of gene flow among geographic populations 33 . However, oceanic island populations were not included in this study. A number of individual studies of island populations of A. gambiae have been undertaken, most recently analysis of several small islands in Lake Victoria, eastern Africa, indicating genetic isolation of these island populations 34 . However, these islands are located <50 km from the mainland and there is a known negative correlation between species diversity and distance to mainland 35 including a study specifically on mosquitoes 36 , underlining the importance of remoteness for isolation.
The Comoros form an archipelago consisting of four islands situated in the Mozambique Channel, approximately 300 km off the African coast and 300 km north-west of Madagascar. An initial study comparing Comorian and mainland African A. gambiae populations suggest a high degree of genetic isolation 37 . Here we present individual whole-genome resequencing data for populations from the three Comoro islands Grande Comore (Comorian: Njazidja), Anjouan (Nzwani) and Mohéli (Mwali) that comprise the Union of the Comoros, as well as populations from four continental African countries. We chose Mali as a representative of the core distributional area of A. gambiae in western Africa plus sites in Cameroon, Tanzania, and Zambia, which span sub-Saharan Africa (Fig. 1 ). This study is the first whole-genome population genetic analyses of A. gambiae across Africa that includes remote island populations with the goal of generating a more inclusive view of the species' evolutionary history.
Results
Sequencing, pre-processing of sequence data, mapping, and variant calling. Sequencing of the 111 samples resulted in 3.7 billion reads in total with a mean genome coverage of 11.7× per sample ( Supplementary Table 1 ). On average, 95.6% of the reads were mapped onto the reference genome AgamP4 38 by BWA-MEM 39 . Applying joint variant calling with Freebayes 40 , we identified 24,069,835 high-quality biallelic single-nucleotide polymorphisms (SNPs) in the dataset.
Intra-and inter-population genetic variability. Genetic variability was estimated for each population by dividing the number of biallelic SNP sites in the heterozygous state by the total number of loci. Genetic variability was highest in west Africa (Mali, Cameroon), intermediate in east Africa (Zambia, Tanzania), and lowest for the three Comoro islands ( Fig. 2 ). Plotting genetic structure in a spatial framework with SpaceMix 41 resulted in one large cluster of samples from Mali and an adjacent, partially overlapping cluster of the Cameroon samples ( Fig. 3 ). The remaining samples distinctly clustered by geographical location (Tanzania, Zambia, Grande Comore, Mohéli, Anjouan). Geographic distances were not correlated to geogenetic distances. For example, the geogenetic distances between the two smaller islands of the Comoros, Mohéli and Anjouan, and Grande Comore as well as between each of the islands of the Comoros and Tanzania was greater than the distance between Cameroon and Mali ( Fig. 3 ). Consistent with these results, the dispersal capacity N x σ 2 estimated using the Raddle 42 software on rare allele distribution were almost four times higher in Mali (2342) than within the populations of the Comoros (623).
Hudson's F ST 43,44 as a measure of relative population differentiation was estimated for each population pair (Supplementary Table 2 ) and combined into a phylogenetic tree ( Fig. 4a ) to display broader patterns. Bootstrap values were >57 for every node and at least 98 for all major ones. While all Mali populations form a single cluster with short branches, the populations from the three Comoro islands form three well-defined clusters with the branches from the two smaller islands being closer to each other than to the branch of Grande Comore. The remaining three mainland sites were located in between, with Cameroon being closest to Mali, Tanzania closest to the Comoro islands, and Zambia between them with less genetic distance to Tanzania than to Cameroon. Divergence among populations within Mali was low and independent of geographic distance (Fig. 4b ). Divergence between populations located within each of the Comoro islands was likewise low and not correlated with geographic distance, which is not surprising given the small size of the islands. However, F ST values between islands revealed much higher levels of divergence. Also, F ST values between populations from the islands compared with the mainland were consistently higher than between different mainland sites ( Fig. 4c ). Overall, the distribution of F ST values suggests a low impact of geographical distance on population differentiation and a moderate-to-high degree of divergence between populations from the Comoros and mainland populations.
Admixture of populations. Population ancestry patterns were explored with ADMIXTURE 45 for seven scenarios with two to eight assumed ancestral populations ( Fig. 5 , Supplementary  Fig. 1 ). Results with two assumed ancestral populations (K = 2) show a separation between west (Mali, Cameroon) and east (Zambia, Tanzania and the Comoros) African populations. With K = 5, the samples from the Comoro populations are assigned to three genetic clusters, two present in Grande Comore and the third corresponding to all individuals from the two smaller islands Mohéli/Anjouan. One of the genetic clusters in Grande Comore is also present in East African populations (Zambia/ Tanzania), suggesting closer genetic relationship between the main island and mainland than between the smaller islands and mainland (as depicted in the F ST tree (Fig. 4a) ). West African samples are assigned to two clusters with one being more prevalent in samples from Mali and the other in Cameroon. Zambia/ Tanzania shows an intermediate state between the genetic cluster of Cameroon and Grande Comore. With the assumed ancestral populations increased to seven (K = 7), the three Comoro islands are distinct and separate from Tanzania and Zambia, which themselves form a single group. Cross-validation error analysis revealed K = 5 as the best fit ( Supplementary Fig. 2 ); however, K = 7 appears to be more consistent with ancestry relationships described in earlier reports 37 and with the F ST tree and SpaceMix analyses presented in this paper, all of which suggest high divergence between the island and east African populations and among the three Comoro islands themselves.
Historical population sizes and cross-coalescence. Historical effective population sizes estimated by multiple sequentially Markovian coalescence using MSMC2 46 follow a similar trajectory in all populations in the deep past ( Fig. 6 ; deep to recent past from right to left). However,~200,000 years ago we see a clear split into two groups with west African populations (Mali, Cameroon) on one trajectory and east African populations (Zambia, Tanzania and the Comoros) on another. West African population sizes continue to remain high and relatively constant following that first split. Eastern populations undergo a series of splits, the first separating Zambia from the others, a second separating the Comoros from Tanzania, and finally a third separating the islands of Anjouan and Mohéli from the island of Grande Comore. Eastern populations, however, experience a drop in population size, which suggests founder effect (s) 47, 48 . While the Zambian population subsequently increases and levels off, the others (Tanzania, Comoros) continue to decline. Somewhat later,~40,000 years ago, the Tanzanian population increases while the population sizes in the Comoros continue to decline. The islands of Anjouan and Mohéli show similar patterns, reaching their minimal turning point at about the same time with the island of Grande Comore, increasing slightly later. Approximately 25,000 years ago, all populations have reached or passed their minimal turning point and are increasing in size again.
Comparing the distribution of SNPs between samples can provide an estimate of the shared history of populations in the form of cross-coalescence 49 . A higher relative cross-coalescence (RCC), calculated using the MSMC2 algorithm, indicates less time to the last common ancestor shared by the two populations in a specific comparison. All populations shared common ancestors in the deep past, reflecting high connectivity, probably as one super-population. Around the time when we see the potential initial founder effect ( Fig. 6a ), we also see decrease of RCC between all comparisons except the two Mali populations (Fig. 6b ). Most recent reliable estimates of RCC that include all pairwise comparisons could be made at~30,000 years ago. These are illustrated as a cross-sectional slice through the curves, as shown in Fig. 6b . Several hypothesis bearing on the relationships among populations can be formulated from these results, including RCC between different populations in Mali is almost one, equivalent to nearly no population structure; RCC between west African populations (Mali, Cameroon) declined slightly and stabilized at a high level (~0.7), indicating substantial gene flow; RCC between the two smaller Comoro islands (Mohéli and Anjouan) is comparable to that between Mali and Cameroon, Supplementary Fig. 2 ). thereby suggesting distinct populations but with some degree of historical and possibly contemporary gene flow; RCC between west and east African populations declines steadily over time, with Tanzania and the Comoros becoming increasingly isolated from Mali/Cameroon; RCC is lowest between Tanzania and Mali and Grande Comore and Mali (reaching~0.2~100,000 years ago), indicating very strong isolation between west African and these eastern-most African populations; RCC between Comorian and continental populations (Tanzania, Zambia) is quite low, comparable to between Zambia and Mali, indicating strong and enduring isolation ( Fig. 6b, Supplementary Fig. 3 ).
Discussion
The population genomic analyses described here reveal several patterns that have major implications for our understanding of the population biology and historical phylogeography of A. gambiae. Most strikingly, geographic distances are not correlated to genetic distances between populations. For example, geogenetic locations of west African populations (Mali, Cameroon) are inconsistent with their true geographic location (Fig. 3) . The two groups share the same geogenetic space despite being located roughly 2500 km apart (Fig. 1) . These results highlight the potential for historical gene flow to maintain population homogeneity over time, even between populations located at distant sites and in a species with relatively low vagility 50 . The pattern is quite different for eastern populations (Tanzania, Zambia) that are widely separated in both geogenetic and geographic space (separated by 1200 km). This pattern is even more prominent within the Comoros, which are geographically proximal (~40 km). Grande Comore is clearly separated from Mohéli and Anjouan in geogenetic space (Fig. 3) , F ST -based tree topology (Fig. 4a ), and Admixture analyses (Fig. 5 ). These findings underscore the importance of geographic features that can function as barriers to population connectivity, i.e., gene flow in A. gambiae.
The geographical origin of A. gambiae was previously hypothesized to be located in eastern 51 or central Africa 52, 53 . From our analyses of the historical population sizes and cross-coalescence, it seems more likely that A. gambiae originated in western Africa. West African populations do not appear to have experienced strong historical fluctuations in population size, whereas east African populations each experienced a dramatic decrease in effective population size, followed by a steady increase (Fig. 6a ). This pattern could be explained by a series of population subdivisions involving the establishment of new geographic populations from a small portion of the ancestral population (founder effect), resulting in the species' range expanding from west to east. We hypothesize that these founder populations were initiated with a small number of individuals crossing a geological barrier that limits gene flow. The first of these events occurred 200,000 years ago resulting in a split between west African (Mali, Cameroon) and east African (Tanzania, Zambia, Comoros) populations, resulting in newly founded east African populations showing reduced population size (Fig. 6a ) and a subsequent decline in RCC (Fig. 6b) . The geological barrier involved may be the Congo River basin, which has been shown to form an effective barrier to gene flow in birds 54 . The next split occurred~100,000 years ago between Zambia and the other east African (Tanzania, Comoros) populations, with steeper subsequent decline in population size for the latter group. This event may be attributed to crossing the East African rift, which has previously been shown to be associated with strongly increased F ST values in A. gambiae 33 , hence suggesting a hurdle for gene flow. Presumably, the Comoros were colonized by founders migrating across the Mozambique Channel from easternmost continental African populations. Our data suggest that roughly~70,000 years ago the Comoros A. gambiae population split from Tanzania, followed by another split~40,000 years ago between Grande Comore and Mohéli and Anjouan. That Grande Comore was the most recently colonized is supported by the fact that it is the youngest of the islands geologically 55 and is the latest to have experienced a dramatic increase in population size (Fig. 6a ). Closer genetic relationship of Grande Comore to mainland sites is supported by our F ST (Fig. 4) and Admixture (Fig. 5) analyses, which alternatively makes independent colonization from the mainland seem possible. A steady decline in genetic variability from west to east African populations (Fig. 2 ) and the clear separation of east African (Tanzania, Zambia, Comoros) from west African populations (Mali, Cameroon) in geogenetic space (Fig. 3 ) support the idea of a west African origin of the species, followed by episodic migrations eastwards. Although we cannot rule out slightly different scenarios, the proposed model ( Fig. 7) seems to be the more parsimonious interpretation of our data.
Our data indicate that A. gambiae likely became established on the Comoros hundreds of thousands of years after their geological formation 55 but most likely prior to permanent human settlement 1300 years ago 56 . These founders must have fed on other hosts (e.g., bats or birds) prior to human habitation. This would be consistent with the assumption that A. gambiae adapted only recently (~10,000 years ago) to humans as hosts 57, 58 and was not restricted to non-human primates before 59 .
Our study has some minor bias regarding sampling of specimens at different sites. For instance, our 2011 Comoros collection is composed of larvae only since we were not able to locate indoor-resting adults. It has been shown in Goundry, Burkina Faso that larval collections contained hybrid populations that are distinct from typical A. gambiae or Anopheles coluzzii adult collections from the same village 60 . We minimize this potential bias by genotyping Divergence Island SNPs (DISs) 61 prior to wholegenome sequencing. This assay provides a more in-depth genetic background characterization than traditional PCR-based methods and can distinguish hybrid from parental form individuals 62, 63 . All Comoros samples had typical A. gambiae genotypes 64 . The temporal dynamics of A. gambiae populations, their resting/biting behavior, and ideal method of adult surveillance are some of areas that need further study.
Our data may contribute to efforts currently underway to evaluate the deployment of genetically engineered A. gambiae for malaria control in Africa 65, 66 . Identification of confined field trial sites aimed at evaluating the performance of GEMs includes measures of gene flow between target and off-target sites. Our results indicate that gene flow is extensive among mainland sites but highly restricted between mainland and sites on oceanic islands. The Comoro Islands have relatively small A. gambiae populations (Fig. 6a ) that are relatively isolated both genetically and physically from mainland Africa (Figs. 3, 4c, 5, and 6b) . Moreover, the island of Grande Comore is isolated from the other two islands that make up the Union of the Comoros, as illustrated by its distance in geogenetic space being comparable to that between Tanzania and Grande Comore (Fig. 3) , F ST branch lengths (Fig. 4a) , and distinct genetic clusters in Admixture analyses (Fig. 5 ). This feature of the genetics of these populations presents the possibility of performing staged and/or parallel trials with GEMs. This could be especially useful since there would be two distinct systems: the two smaller islands including populations with a strong but possibly permeable barrier separating them, and Grande Comore with an isolated but more structured population (Fig. 5) . Further studies will be needed, such as estimating recent population size using identity-by-descent sharing 67 to identify recent migrations and to describe the genetic structure of populations within each island. We conclude that mosquito populations on isolated oceanic islands, such as the Comoros, could make ideal sites for conducting ecologically contained field trials of GEMs, following the guidelines set out by the WHO 68 .
Methods
Mosquito samples. We used N = 111 A. gambiae specimens (N = 40 from Mali, N = 5 from Cameroon, N = 6 from Tanzania, N = 6 from Zambia, and N = 54 from the Comoros) from the Vector Genetics Laboratory archive mosquito DNA collection for the study (Fig. 1, Supplementary Table 3 ). Samples from Mali and Cameroon were collected as female adults inside houses using mouth aspirators in August 2006. Samples from the Comoros were collected as larvae inside cisterns using scoops and transfer pipets in February 2011 62 . Tanzania samples were collected in 2012 and Zambia samples in April and May 2015 as adults by pyrethroid spray catch collection. Species identity was confirmed using the DIS assay described in ref. 69 . Sex of larvae was determined by a Y chromosome PCR method 70 and confirmed by examining the ratio of coverage of Y_unplaced contig relative to nuclear genome coverage. For females, the median Y_unplaced to nuclear genome coverage ratio was 1.00. Any specimens exceeding the Y/nuclear genome ratio of 10 were not included in this study. This ensures that all samples we analyzed are females. Only samples that showed A. gambiae-specific genotypes for all 15 loci screened were used for whole-genome sequencing.
Whole-genome sequencing. DNA extraction was performed using the protocol described in refs. 71, 72 . DNA concentrations of the samples was measured using dsDNA HS Assay Kits on a Qubit instrument (Life Technologies). Individual genomic DNA libraries were constructed using 10 ng DNA, the KAPA HyperPlus Kit (KAPA Biosystems), custom IDT 48 dual index barcodes (Integrated DNA Technologies), and Ampure SPRI beads (Beckman). We applied the library construction protocol described in ref. 72 . Library concentrations were measured using Qubit as described above. Individually barcoded libraries were combined by equal quantity for pooled sequencing based on the Qubit results. Sequencing was performed using an Illumina HiSeq 4000 instrument at the UC Davis DNA Technologies Core.
Pre-processing of sequence data, mapping, variant calling. Demultiplexed raw reads were filtered and trimmed (ILLUMINACLIP:2:30:10, LEADING:3, TRAIL-ING:3, SLIDINGWINDOW:4:15, MINLEN:36) using Trimmomatic v0.36 73 . PCR duplicates were removed using Picard Tools v2.2.4 (http://broadinstitute.github.io/ picard/) and reads were realigned around indels with GATK v3.5 74 . Afterwards the processed reads were mapped to the reference genome AgamP4 38 using BWA-MEM v0.7.15 39 with default settings. Freebayes v1.0.1 40 was used for variant calling, applying default parameters but "theta = 0.01" and "max-complex-gap = 3." Variants without support from both overlapping forward and reverse reads were removed. Only biallelic SNPs with minimum depth of 8 were called for genotypes and used for analysis.
Intra-and inter-population genetic variability. The genetic variability was calculated for each mosquito as the number of biallelic SNP sites in heterozygous state divided by the total number of loci in the genome 75 . Including all SNPs would have arbitrarily weighted the similarity/difference to the reference genome instead of the variability that is indicative of population size and history 76 . The data were plotted grouped by origin using the boxplot function in R v3.2.5 77 applying default settings (Tukey boxplot). The spatial patterns of population genetic structure were analyzed using the R package SpaceMix v0.13 41 to create a geogenetic map of the polymorphism data. In these, allele frequency covariance is displayed in a way that distances between samples reflect geogenetic, rather than geographic, distance. Neighborhood sizes N x σ 2 , which give an estimate of dispersal distances, were estimated using Raddle 42 with settings recommended by the authors (https:// github.com/NovembreLab/raddle). Raddle searches for rare alleles in the data and calculates dispersal capacities by their distribution within and across populations.
As another measure of population differentiation due to genetic structure, pairwise fixation indices F ST were calculated using Hudson's estimator, which is not sensitive to the ratio of sample sizes and does not systematically overestimate F ST 44 , implemented in scikit-allel v1.2.0 78 utility package. As a proxy for relatedness of the populations in terms of relative genetic variance, a phylogenetic tree was calculated from the F ST data using a Neighbor-Joining 79 algorithm implemented in the program Neighbor (distance matrix model F84) from the package PHYLIP v3.696 80 . To estimate robustness of the topology, we re-calculated the tree 100 times with different subsets of randomly chosen 50K SNPs each for the distance matrix and derived the consensus rate in each branching point.
Admixture profiles of populations. Populations were screened for their admixture profiles using ADMIXTURE v1.3.0 45 . Admixture analyses were performed for a broad range of assumed ancestral populations (K = 1-10) and analyzed and plotted in R. The best-fitting K was determined by ADMIXTURE's cross-validation procedure and the resulting error values.
Historical population sizes and cross-coalescence. The VCF files were filtered with VCFtools v0.1.12b 81 to remove samples with >5% missing data (i.e., SNPs not called) and sites with >5% missing data (i.e., SNPs not called). Afterwards the variants of all specimens were phased into haplotypes using SHAPEIT2 v2.9 82 . Phasing was done for 2L, 2R, 3L, and 3R separately (the X chromosome was not used here since recombination is different in sex-determining regions 83 ). The SHAPEIT output was converted to VCF files and samples were separated again. Of those, only four samples per population (when possible) were used for the estimation of population sizes (N = 83) and two per population for the interpopulation cross-coalescence, respectively (haplotypes N = 8 each), due to high computational demands. Reliable estimations can be calculated from haplotype numbers as low as 2 or 4 due to the mosaic nature of recombining nuclear genomes 46 .
Estimation of historic effective population sizes N e and historic crosscoalescence was performed using the multiple sequentially Markovian coalescent pipeline MSMC2 v2.0.2 46 following the guide (https://github.com/stschiff/msmc2). For the MSMC2 analyses, mappability masks were prepared for the reference genome following the procedure of Heng Li's SNPable program (http://lh3lh3. users.sourceforge.net/snpable.shtml). In addition, mask files for the specimen's VCF files were produced using BEDOPS v2.4.30 84 . The MSMC2 main runs were conducted separately for each population to estimate within-population coalescence and in addition between a selected set of populations for crosspopulation coalescence with 20 Baum-Welch iterations each. The results were then converted to real time in years (assuming ten generations per year), population sizes, and RCC following the procedure published by the authors of MSMC2 (https://github.com/stschiff/msmc/blob/master/guide.md). A mutation rate of 2.85 × 10 −9 was assumed for the conversion, which is the median of the published mutation rates from the insect species Drosophila melanogaster (2.8e−9 85 ), Heliconius melpomene (2.9e−9 86 ), Chironomus riparius (2.1e−9 87 ), and Bombus COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0717-7 ARTICLE COMMUNICATIONS BIOLOGY | (2019) 2:473 | https://doi.org/10.1038/s42003-019-0717-7 | www.nature.com/commsbio terrestris (3.6e−9 88 ). All time slices with λ < 5 were excluded to account for possible phasing error affecting resolution 89 .
Statistics and reproducibility. One hundred and eleven specimens from 22 populations from west to east Africa were used for this study. Statistical analyses were performed in R and Python with programs cited or custom scripts provided under "Code availability." All tests and corresponding p values are reported in the text. F ST tree topology was tested by bootstrapping (100 times with different subsets of randomly chosen 50K SNPs each). Coalescence estimates with MSMC2 were generated with 20 Baum-Welch iterations each.
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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